The capabilities of the joint temperature-velocity imaging technique, thermographic particle image velocimetry (TPIV) are examined in H 2 laminar diffusion flames, by seeding the fuel stream with BAM : Eu 2+ particles. The upper measurable temperature is found to be 900-1000 K. For these phosphor particles this limit is primarily imposed by thermal quenching of the laser-induced luminescence emission that is used for thermometry. Within this limit, the measured temperature distribution quantitatively agrees with a numerical simulation. It is also shown that the luminescence signal per phosphor particle is not influenced by passing the particles through a high temperature reaction zone.
Introduction
Accurate, spatially-resolved temperature measurements are much sought after in combustion research. The task remains a challenge in many environments of interest despite advancements in laser-based thermometries. The recently-emerged thermographic particle image velocimetry (TPIV) presents a viable alternative [1] [2] [3] [4] [5] [6] . It uses micrometer-sized thermographic phosphor particles seeded into the flow as a tracer. A typical setup involves a two-colour emission intensity ratio approach, whereby temperature-dependent laser-induced luminescence from the seeded particles is spectrally filtered to determine the particle temperature, which equilibrates rapidly with carrier gas temperature [1] . Unlike organic tracers, thermographic phosphor particles are inert and have high melting points, and the luminescence properties are generally insensitive to gas composition [7, 8] , making the temperature measurement independent of the local environment. Additionally, using a standard PIV approach, the velocity field can be simultaneously measured using laser Mie scattering from the same particles. This lends TPIV the potential to study heat transfer and the interaction between turbulence and chemistry in combustion environments.
However, applications of TPIV in practical flame environments may be limited by (1) the relatively narrow range of measurable temperature and (2) the thermal degradation of the phosphor particles. The latter is critical as the seeding is sometimes achieved via flow recirculation in enclosed flames where particles may go through high (unmeasurable) temperature regions before they reach low (measurable) temperature regions. In this work, we examined these issues by applying TPIV using a well-documented phosphor BAM : Eu 2+ [1, 5, 8, 9] in H 2 laminar diffusion flames.
Previously, it was shown that, for BAM : Eu 2+ particles, the temperature calibration remained unchanged before and after combustion in a vessel [9] . This corresponded to an exposure of 0.5 s between 1400 and 2000 K. In a study of much longer exposures (20 min) at 1470 K, only a subtle change in the room temperature emission spectrum was observed [10] , translating to an ∼80 K calibration error. Therefore, it is reasonable to assume that short exposure to high temperatures does not alter the luminescence emission spectrum.
However, in Refs [10, 11] , exposures of several minutes at these temperatures caused the luminescence emission intensity to decrease by orders of magnitude, a phenomenon referred to as thermal degradation. This second phenomenon has not yet been investigated for short exposure times relevant to reactive flows, though it would be problematic since it would compromise the measurement precision. Therefore the objectives of this work are to determine (1) the maximum measurable temperature and (2) the luminescence emission intensity of BAM : Eu 2+ particles after passage through a high temperature reaction zone. In addition, a CFD simulation was conducted to provide a quantitative comparison to the measured temperatures.
Experimental setup
A standard Gülder burner (with ID=10.9 mm inner nozzle and ID=100 mm co-flow [12, 13] ) with a fuel mixture of N 2 /H 2 /CH 4 was chosen to generate attached laminar diffusion flames. A small amount of CH 4 was introduced to visualise and monitor flame stability. The fuel stream was seeded with BAM : Eu 2+ particles (Phosphor Technology KEMK63-UF/P1 with volume-equivalent sphere diameters of 1.2 µm for d 5 , 2.4 µm for d 50 (median) and 4.1 µm for d 95 by volume) using a magnetically stirred seeder (LaVision Particle Blaster 100). Note that part of the seeded fuel was diverted directly to the exhaust to maintain a small flow rate (1-2.5 SLM) for a short and stable flame. The co-flow was not seeded to ensure that all the particles would go through the reaction zone, and also to avoid interference from multiple scattering [5] .
The TPIV setup is similar to those in Refs. [1, 4, 14] . The 355-nm output of a single-cavity double-pulse Nd:YAG laser (5 Hz) was formed into a light sheet (50 mm × 0.6 mm) at the center of the fuel nozzle. For temperature imaging, luminescence from the particles following the first pulse only (38 mJ/cm 2 ) was detected by two hardware-binned (4 × 4) CCD cameras with 50-mm f/1.4 lenses, interference filters (466 ± 40 nm and 355-nm notch) and a dichroic beamsplitter (455-nm longpass), as recommended by the analysis of Ref. [8] . On the opposite side, an sCMOS camera was installed for 2-component PIV using Mie scattering from the same phosphor particles at 355 nm. In addition the Mie scattering images were used to determine the local seeding density field in the measurement plane, after calibration of the system at room temperature using the luminescence intensity per particle data from Ref. [8] .
For thermometry, a cutoff filter (15 counts) and a 3 × 3 moving average filter were applied to the background-subtracted luminescence images to improve signal to noise ratio for a final inplane resolution of 600 µm. 2D intensity ratio was obtained from each pair of images and was normalised by an average ratio obtained at room temperature to account for flat fielding as well as non-uniformity in the excitation laser sheet [14] . The intensity ratio was converted to temperature using a calibration curve derived from powder-based spectral measurements inside a furnace with optical access [8] .
Numerical simulation
Steady state simulations of the experimental cases were conducted using a DLR in-house code THETA (a 3D finite volume solver optimised for combustion problems [15] ) on a fully-structured hexahedral mesh with ca. 610 000 elements. The mesh was refined in the reaction zone (>20 grid points) as well as close to the nozzle exit.
The H 2 chemical kinetics mechanism was taken from Ref. [16] . The chemical reactions were calculated by a direct chemistry solver. Gravity and differential diffusion were also accounted for [17] . The measured velocity profile near the burner nozzle exit was used as a boundary condition in the simulation. The small amount of CH 4 added in the experiment was neglected in the simulation.
Results
Figure 1a&b compares a single-shot measured temperature distribution to a simulated steadystate temperature for a N 2 /H 2 /CH 4 (66 %/33 %/1 %) diffusion flame. The flame was stable for these conditions. Since the co-flow was not seeded, only the inner core region can be measured. From the extracted radial temperature profiles in Fig.2 , it is clear that the current implementation of TPIV results in an upper measurable temperature of 900-1000 K. Within this limit, the agreement between the measured and simulated temperature appears excellent. Figure 1c&d show the luminescence signal from the particles (one channel) and measured seeding density from a single-shot measurement. As temperature initially increases with distance from the nozzle exit, the signal intensity reduces and disappears as the particles penetrate further into the reaction zone, even though there is still a moderate level of seeding (3 × 10 11 particles/m 3 at 1000 K). It is clear that thermal quenching rather than seeding density limits the range of measurable temperature. A phosphor with a more favorable thermal quenching behaviour is needed to increase the upper temperature limit of the technique.
The luminescence intensity of the seeded phosphor particles was measured downstream of the reaction zone in a H 2 /CH 4 (96.9 %/3.1 %) diffusion flame. The measurement field of view was 20 cm above the burner nozzle exit. Patches of luminescence signal were captured in this region, corresponding to the emission from particles that have gone through the hot reaction zone and cooled by the ambient. From the numerical simulation, the residence time of the particles in the diffusion flames in regions exceeding 1700 K (up to a maximum of 2400 K) was estimated to be 0.5-1 s. The temperature of these patches was evaluated using the same calibration data as the aforementioned studies showed little effect of high temperature exposure on the emission spectrum. Figure 3 compares the mean luminescence signal per particle from these patches to measurement results in heated jets from Ref. [8] . It is clear that the luminescence signal of the particles past the reaction zone matches that of particles in heated jets, indicating negligible influence from the exposure to high temperatures in the reaction zone. For practical relevance, in an extensivelyresearched atmospheric swirl-stabilised flame with an equivalence ratio of 0.7 and a thermal power of 25 kW [18] , a residence time of 0.1 s was estimated based on the experimental results from Ref. [19] for particles residing in the central recirculation zone, which has an average temperature of 1700 K.
Conclusions
To summarise, in H 2 laminar diffusion flames, temperatures up to 900-1000 K were accurately measured using thermographic particle image velocimetry (TPIV) with BAM : Eu 2+ phosphor particles. The luminescence emission intensity of the particles was also found to be unaffected after they went through the reaction zone of a laminar non-premixed flame. The result suggests that TPIV with BAM : Eu 2+ particles may be readily applicable to enclosed flames, specifically for simultaneous velocity and temperature measurements in low-medium temperature regions where fuel injection and mixing with hot exhaust gases occurs. (σ is the patch-topatch standard deviation)
